Background: evidence for the effect of weight loss on coronary heart disease (cHD) or mortality has been mixed. the effect estimates can be confounded due to undiagnosed diseases that may affect weight loss. Methods: We used data from the nurses' Health Study to estimate the 26-year risk of cHD under several hypothetical weight loss strategies. We applied the parametric g-formula and implemented a novel sensitivity analysis for unmeasured confounding due to undiagnosed disease by imposing a lag time for the effect of weight loss on chronic disease. Several sensitivity analyses were conducted. Results: the estimated 26-year risk of cHD did not change under weight loss strategies using lag times from 0 to 18 years. For a 6-year lag time, the risk ratios of cHD for weight loss compared with no weight loss ranged from 1.00 (0.99, 1.02) to 1.02 (0.99, 1.05) for different degrees of weight loss with and without restricting the weight loss strategy to participants with no major chronic disease. Similarly, no protective effect of weight loss was estimated for mortality risk. in contrast, we estimated a protective effect of weight loss on risk of type 2 diabetes. Conclusion: We estimated that maintaining or losing weight after becoming overweight or obese does not reduce the risk of cHD or death in this cohort of middle-age US women. Unmeasured confounding, measurement error, and model misspecification are possible explanations but these did not prevent us from estimating a beneficial effect of weight loss on diabetes.
T he global prevalence of obesity has almost doubled in the past three decades. in 2008, 12% of adults were obese and 34% were overweight. 1 When compared with normal weight, obesity is associated with an increased incidence of both coronary heart disease (cHD) and all-cause mortality. 2 the consistent association between obesity and cHD/mortality in observational studies begs the questions of whether weight loss decreases, and weight gain increases, the risk. Unfortunately, there are no randomized trials of weight change with long enough follow-up time to detect changes in event rates and the findings from observational studies range from increased mortality risk after weight gain 3, 4 to increased risk of mortality 5, 6 or cHD 7, 8 after weight loss. Other observational studies have found no association 9, 10 or reduced risk after intentional weight loss. 11, 12 two observational studies found a lower risk of cHD, diabetes, and mortality among obese adults that did versus did not undergo bariatric surgery. 13, 14 in a previous analysis using the parametric g-formula, 15 we estimated no effect of weight loss on cHD risk in middleage or older women who participate in the nurses' Health Study. However, our estimate may have been biased due to unmeasured confounding by severity of concomitant diseases, frailty, or undiagnosed chronic diseases. Because data on frailty is rarely collected and data on undiagnosed disease is by definition unavailable, this confounding cannot be adjusted for, and one can only evaluate its potential impact on the effect estimates via sensitivity analyses.
Here, we implement several sensitivity analyses 16 for the effect of weight loss on cHD and mortality risk. Specifically, we estimated the comparative effects of four sustained strategies with body weight in the nurses' Health Study: maintain baseline weight, lose 5% of body mass index (BMi) every 2 years if BMi ≥ 25 kg/m 2 , lose 10% every 2 years of BMi if BMi ≥ 25 kg/m 2 , and lose 10% of BMi every 2 years if BMi ≥ 23 kg/ m 2 . For comparison purposes, we also considered strategies the nurses' Health Study is a prospective cohort study that started in 1976 when 121,740 US female nurses ages 30 to 55 years responded to a mailed questionnaire on sociodemographic, lifestyle, anthropometric, and clinical factors. Biennial questionnaires have been mailed since then to update the information.
cHD was defined as the first occurrence of fatal or nonfatal myocardial infarction as reported by the participants and confirmed by a medical record review. 17 Height in 1976 and weight every 2 years were self-reported. a validation study on 184 participants in the Boston area found that the correlation between self-reported and measured weight was 0.96 with an average under-reporting of 1.5 kg. 18 a composite score 17 of diet during the previous 12 months was derived from a validated food frequency questionnaire mailed in 1980 (short version), 1982, 1984, 1986 , and every 4 years afterward. exercise was reported in 1980, 1982, 1986, 1988 , and every 4 years afterwards using a validated questionnaire on type, frequency and intensity of each activity. We summed up the duration of activities requiring ≥3 metabolic equivalent task scores per hour, including brisk walking. to prevent implausible values from affecting the results, we truncated the 0.1% values of BMi outside of the range 15-65 kg/m 2 and exercise greater than 35 hours per week.
Our analyses were restricted to women who provided adequate dietary and covariate data and had no history of cardiovascular disease, diabetes, or cancer at baseline. For each woman, follow-up started in 1982 and finished at cHD, death, incomplete follow-up (i.e., not returning a questionnaire), or administrative end of follow-up in June 2008, whichever happened first.
Weight Loss Strategies
We considered four different types of hypothetical weight loss strategies: type 1 "forces" all women to maintain their baseline BMi level throughout the follow-up; type 2 forces women who attain a BMi of 25 kg/m 2 or higher to lose 5% of their body weight during the next 2-year period; type 3 forces women who attain a BMi of 25 kg/m 2 or higher to lose 10% of their body weight during the next 2-year period; finally, type 4 forces women who attain a BMi of 23 kg/m 2 or higher to lose 10% of their body weight during the next 2-year period. the eappendix (http://links.lww.com/eDe/a998) provides a formal definition of these strategies. For comparison purposes, we also considered previously studied strategies on smoking cessation, exercise, and alcohol drinking.
Statistical Approach: The Parametric g-formula
We used the parametric g-formula to estimate the 26-year risks of the outcome under each of the weight loss strategies listed above. the primary outcome was cHD and the secondary outcome was all-cause mortality. Because the effect of weight loss on diabetes risk is well established, we also studied diabetes as an outcome for comparison purposes.
Our g-formula estimates were adjusted for the following baseline variables: age (in 5-year categories), family history of cHD, smoking, and oral contraceptive use before 1980, marital status, education, husband's education, employment, and stress in daily life and work, BMi, exercise, smoking, dietary score and alcohol use. We also adjusted for the following time-varying covariates: multivitamin, aspirin, statin, postmenopausal hormone and alcohol use; smoking, exercise (adjustment for exercise did not materially change our estimates), dietary score, high blood pressure, high serum cholesterol, type 2 diabetes, stroke, angina or coronary artery bypass graft, cancer, menopause, osteoporosis, incidence of other major cardiovascular diseases (congestive heart failure, peripheral vascular diseases, pulmonary embolism, atrial fibrillation), incidence of major inflammatory diseases (systemic lupus erythematosus, rheumatoid arthritis, gout, ulcerative colitis), and incidence of neurologic and other major chronic diseases (depression, alzheimer's disease, Parkinson's disease, multiple sclerosis, amyotrophic lateral sclerosis, chronic renal failure, and emphysema). We adjusted for incident myocardial infarction in analyses with outcomes other than cHD (see etable 1 for the list of covariates and their functional forms; http://links.lww.com/eDe/a998).
the g-formula is the generalization of standardization for time-varying exposures and confounders and has been previously used to estimate the effect of lifestyle changes on the risk of cHD and diabetes. 15, 19, 20 in brief, the standardized risk is a weighted average of the conditional outcome risks with the conditional probability density functions of the time-varying confounders as weights. the weighted average is approximated using a Monte carlo simulation (of 10,000 individuals in our analyses) and the conditional distributions of the confounders are estimated via parametric regression models.
We compared the estimated risk under each strategy with the risk under no change (i.e., natural course) via ratios and differences. to estimate 95% confidence intervals, we used nonparametric bootstrapping with 200 samples. as in previous analyses, 15, 19, 20 we also computed the proportion of individuals whose data were not consistent with the selected strategy (i.e., would have to be "intervened" on) during the follow-up and during each 2-year period on average.
Sensitivity Analysis for Unmeasured Confounding Due to Undiagnosed Chronic Diseases
Unlike previous g-formula analyses, ours accommodates a sensitivity analysis for unmeasured confounding due to undiagnosed chronic diseases (often referred to as "reverse causation"). this type of unmeasured confounding occurs because undiagnosed chronic disease can be severe enough to cause weight change and is often a strong determinant of future incidence of the disease or mortality (Figure 1 ). to implement this sensitivity analysis, we needed to define (1) the set of major chronic diseases that are severe enough to affect both weight change and outcome risk, and (2) the minimum latent period required for weight change to affect any of the major chronic diseases or the outcome.
Our set of major chronic diseases included cancer, diabetes, angina pectoris, stroke, myocardial infarction, chronic heart failure, peripheral vascular disease, pulmonary embolism, atrial fibrillation, chronic kidney disease, gout, systemic lupus erythematosus, ulcerative colitis, rheumatoid arthritis, emphysema, depression, alzheimer's disease, Parkinson's disease, multiple sclerosis, and amyotrophic lateral sclerosis.
Because the duration of the minimum latent period is unknown and estimates vary substantially across studies, 21, 22 we assumed 6 years for all diseases in the main analysis, and conducted further sensitivity analyses in which the minimum latent period ranged from 0 to 18 years. it follows from results in reference 16 that if (1) the duration of the minimum latent period is correct, (2) its duration is greater than the minimum time required for the undiagnosed chronic diseases to be clinically detectable, and (3) diagnosis of a major chronic disease (other than the outcome of interest) implies that the disease existed in an undiagnosed or preclinical stage for the minimum latent period, then a modified g-formula analysis that lags treatment and covariate data by the minimum latent period can validly estimate the outcome risk under various weight change strategies.
Sensitivity Analysis for Unmeasured Confounding Due to Disease Severity and Frailty
even after making assumptions (1)-(3) defined as above, the validity of our results requires that we can successfully FIGURE 1. Causal diagram showing unmeasured confounding for the effect of weight change on mortality. When U represents an undiagnosed chronic disease, the bias is often referred to as reverse causation because the association between weight and mortality is due to the effect of disease on weight rather than the effect of weight on disease. control for confounding by chronic disease severity and frailty. However, such confounding may be intractable because the data required for adjustment are not available. 16 One way to bypass this potentially intractable confounding is to change the causal question: rather than consider weight loss strategies that are applied at each time t to everybody, we will consider restricted strategies that are applied at each time t to those individuals who do not have a (clinical or subclinical) chronic disease or frailty (defined as reaching age 70) at t. See a formal description of the restricted strategies in the eappendix (http://links.lww.com/eDe/a998).
to see why changing the question circumvents confounding, note that at each time t there are two groups of individuals without a diagnosed chronic disease: (1) those with undiagnosed chronic diseases severe enough to influence weight change at t, and (2) those who are free of such diseases. if the confounding by severity cannot be fully adjusted, we cannot estimate without bias the effects of strategies applied to group (1), but we can still estimate without bias the population risk under strategies that are restricted to those without chronic disease at t under the assumption of no unmeasured confounding given the observed covariates in group (2) .
Unfortunately, the data observed through t are insufficient to distinguish between individuals in groups (1) and (2); they all appear to be free of disease at t. However, under our assumptions (1)-(3), anyone with undiagnosed disease at t will have been diagnosed by t+minimum latent period. therefore, we can determine who is in group (2) by observing whether they develop chronic disease in the next minimum latent period. Because weight changes can have no effect on the development of disease within this period, bias is not introduced by this procedure.
the choice between the original and the restricted strategies involves a tradeoff between validity and feasibility. On one hand, by choosing the restricted strategy, we increase the plausibility of the assumption of no unmeasured confounding. On the other hand, these restricted strategies cannot be implemented in practice because the presence of undiagnosed disease at t is not known until later. For example, with a minimum latent period of 6 years, one needs to decide whether to "intervene" now based on knowledge that will only be obtained when the disease is diagnosed after 6 or more years. Such a strategy is clearly unfeasible, but estimating the risk under this strategy is still useful as a sensitivity analysis. note that in populations with high disease incidence, the restricted strategy may be applied to only a small proportion of the population and might be uninteresting even as a sensitivity analysis.
Other Sensitivity Analyses
We assessed the sensitivity of our results to several analytic decisions. Specifically, we examined if results were robust to the length of follow-up (using first 16 years instead of 26); ordering of time-varying variables in the modeling process (using BMi as the last variable versus the 11th); the definition of frailty (age 65 vs. 70 years); and restriction to never-smoking women at baseline or those who had reported intentional weight loss in 1992. Furthermore, we conducted an analysis where the follow-up started in 1978 (to be able to start the strategies in younger women) and continued the follow-up until 2010. this analysis, however, adjusted for fewer covariates as information on many risk factors were not available in 1978. We also estimated the effect of weight gain (gain 5% of BMi every 2 years if BMi < 30 kg/m 2 and not intractably confounded). Finally, we conducted a sensitivity analysis for death as an outcome in which the lag time between weight loss and diagnosis is 2 years for diabetes and 6 years for other major chronic diseases or death. the above procedures are formally described in the eappendix (http://links.lww.com/eDe/a998). all analyses are were conducted using SaS 9.3 (SaS institute inc., cary, nc). the g-formula SaS macro and its documentation are available at http://www.hsph.harvard.edu/causal/software.
RESULTS
Of 73,318 women who were eligible for the main analysis ( Figure 2 ), 2,843 had cHD, 7,730 died from other causes, and 17,916 had incomplete follow-up (i.e., not responded to a questionnaire). table 1 shows their baseline characteristics. During the follow-up women gained 1.6 kg/m 2 on average; 5% of women gained 7.8 kg/m 2 or more and 5% of women lost 3.5 kg/m 2 or more.
the estimated 26-year risk of cHD under no weight intervention (i.e., natural course) was 5.0% (95% confidence interval: 4.9%, 5.3%). the risk estimate did not change under any of the weight loss strategies with a minimum latent period of 6 years (table 2) . restricting the strategy to those not belonging to an intractably confounded subgroups did not affect the results materially although, as expected, the proportion of the study population that had to be "intervened" on decreased (e.g., from 73% to 43% in the "lose 5% of BMi each period if above 25 kg/m 2 " strategy). increasing the minimum latent period from 0 to 18 years (Figure 3 , etable 2; http://links. lww.com/eDe/a998) had no impact on the estimated risk under any weight loss strategy, but attenuated the estimated risk under smoking cessation, exercise, and alcohol drinking. For all four lifestyle improvement strategies, increasing the minimum latent period reduced the proportions of persontimes that were "intervened on." For example, the proportion of person-times "intervened on" to increase exercise to 3.5 hours per week was 87% with minimum latent period of 0 years, 71% with 6 years, and 27% with 18 years (etable 2; http://links.lww.com/eDe/a998).
the estimated 26-year risk of death did not change under any weight loss strategy (table 3) , but decreased under quitting smoking, drinking moderate amounts of alcohol regularly and increasing exercise (Figure 4 the estimated effects of weight loss strategies did not change materially in any of the sensitivity analyses (table 4) . Using the full sample of 73,318 women instead of a random sample of 10,000 for the simulations did not affect the width of the confidence intervals materially.
DISCUSSION
in this cohort of middle-age or older women, we estimated that maintaining weight or losing weight after becoming overweight or obese does not reduce the risk of cHD or death. in contrast, we estimated that the same weight loss strategies reduce the risk of type 2 diabetes by one-fifth to one-third. Our inability to detect an effect of weight loss on cHD and death risk may be explained by a truly null causal effect of weight loss in middle-age women, the inadequacy of self-reported BMi, model misspecification, or bias due to residual confounding. Weight loss might not affect the risk of cHD in middle-age women if, for example, established atherosclerosis in coronary arteries could not be reversed with weight loss. Several randomized trials of healthy diet and exercise for weight loss in women did not find slower progression of atherosclerosis measured using carotid artery intimamedia thickness over a follow-up period of 2 to 4 years. 23, 24 Similarly, a few trials of drug-induced weight loss failed to show a slower progression of atherosclerosis 25, 26 or reductions in cHD risk. 27 Most randomized trials of lifestyle interventions for weight loss have found reductions in cHD risk factors 28 and diabetes incidence, 29 which should theoretically lead to reductions of cHD and mortality risk. However, a recent large randomized trial of intensive lifestyle interventions that led to 8.6% weight loss among type 2 diabetic patients did not reduce cardiovascular mortality. 30 Many observational studies found an increased risk of all-cause or cardiovascular mortality after weight loss, 4, 5, 9, 10 but their estimates may be confounded or confounders may be inappropriately adjusted for. 31 When using the parametric g-formula, we found no effect of weight loss on cHD risk in the nurses' Health Study 15 and the Offspring cohort of the Framingham Heart Study. 32 Observational studies evaluating bariatric surgery found a lower risk of diabetes, cHD, and mortality among obese adults. 13, 14, 33 Bariatric surgery may affect diabetes via its impact on the endocrine functions of the proximal intestine rather than on weight loss. 34 BMi may not be a good indicator or abdominal obesity 2 especially in older individuals and postmenopausal women, in whom weight loss may reflect loss of muscle mass rather than fatty tissue. thus, our null estimates might have missed an effect of reducing abdominal adiposity on cHD risk. Furthermore, weight, height, exercise, and diet were all self-reported and therefore subject to recall or reporting errors, and the resulting bias might obscure an effect (though the magnitude and direction of the bias is hard to predict in time-varying analyses where factors act as both exposure and confounders). Despite these limitations, we were able to find a protective effect of weight loss on diabetes risk. the validity of our results requires no misspecification of the models used for the parametric g-formula. although correct specification of the models under intervention cannot be demonstrated, the similarity of the observed and estimated risks under natural course indicates that the models for the observed data are not substantially misspecified under no intervention.
Unmeasured confounding is always a potential limitation of observational studies. We assumed that, after adjusting for covariates, the only residual confounding was due to undiagnosed disease and frailty. We then used novel sensitivity analyses for unmeasured confounding by undiagnosed disease. Our method assumes (1) the existence of a lag (6 years in the main analysis) between weight loss and its potential effects on chronic diseases, (2) that any undiagnosed disease would have either been diagnosed or led to death within this period, and (3) that any diagnosed disease would have been present in an undiagnosed or subclinical level during the specified lag time.
imposing this latency period and restricting the strategy to those without intractable confounding did not affect the null effect estimate for weight loss strategies on cHD and mortality risk. However, incorporating these changes diluted the effect of weight loss on type 2 diabetes, as well as the effect of lifestyle changes other than weight loss on cHD. this dilution may occur because the selected latency periods may be longer than the "true" latency period, which would lead to missing the true exposure window, 22 and because the strategy affects a lower proportion of the study population.
Our weight loss strategies remain vague because we did not specify how exactly the participants lost weight. 35, 36 therefore, our estimates should be interpreted as the effects of a combination of weight loss strategies-exercise, caloric intake, drugs-that the women who lost weight in the nurses' Health Study did indeed use. 37 We did not have enough information to distinguish intentional from unintentional weight loss during the entire follow-up. However, restricting the study population to those who had reported intentional weight loss in one questionnaire did not change the results.
Finally, our results may not be directly generalizable to the current context of the obesity epidemic in the US and other developed countries where young adults have gained weight much earlier in their life compared with our sample of women who were middle age in the 1980s. Future research should focus on prospective studies of younger men and women.
